The behavior and life of a tilted flat thrust washer bearing is modeled by a comprehensive numerical code. The goal is to investigate the conditions that distress thrust washer bearings through numerical techniques. This work includes thermomechanical deformations (which have been neglected in previous studies). The thrust washer bearing supports nonaxisymmetric loads within the planetary gear sets of automatic transmissions and consists of flat-faced washers placed between an idle helical gear and its contacting face. Various coupled numerical schemes model sliding friction, boundary lubrication, asperity contact, thermo-mechanical deformation, thermo-viscous effects, and full film lubrication. The model provides predictions of frictional torque, bearing temperature, hydrodynamic lift and other indicators of bearing performance. The experimental and numerical results show that the bearing is very susceptible to the mechanism of thermoelastic instability (TEI). Theoretical predictions indeed predict that the washer may operate in the range of TEI.
INTRODUCTION
The goal of this research is to investigate the physical phenomena that distress a thrust washer bearing system. This is a continuation of a body of work that includes both experimental [1] [2] [3] and numerical [4] investigations. The current work will expand on these results by including thermomechanical deformation in the numerical model. Work concerning flat thrust washer bearings as described is scarce, although a review of previous work is given in [1, 2, 4] .
Experimental results show that the thrust washer bearing is prone to severe and sudden distress at high loads and speeds [1, 2] . These points of severe distress are characterized by large and sudden increases in the bearing temperature and friction.
The bearing, if not unloaded and shutdown immediately can also melt and weld together at this state. This work theorizes that the severe distress is caused by the thermoelastic instability of the thrust washer bearing.
RESULTS AND DISCUSSION
When thermoelastic deformations are considered, the thrust washer bearing becomes susceptible to TEI. This physical phenomena, effectively reduces the performance of the bearing. Figure 1 shows a plot of a numerically generated Stribeck curve for a single round steel washer configuration. For the case of a single steel washer, the geometry and material properties found in [4] are used. The size of the load steps were refined for this plot to capture the behavior of the bearing better. It is clear that the bearing still follows the Stribeck curve and distresses near the left side of the curve. On the right 
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side of the curve it is apparent that the bearing can operate within full film of lubrication. Once the fluid film collapses and the bearing operates on the left side of the Stribeck curve, thermoelastic instability immediately occurs and the numerical code is stopped. In actual operation, wear will dampen the TEI and the bearing may perform better than indicated by the simulation. The simulation also neglects convection, which may in reality help remove heat from the bearing components, and the chemistry of the lubricant and the surface.
There are many simple models which can calculate a threshold of thermoelastic stability for a given situation. The models complicate quickly however as more details, such as roughness, geometry and wear, are accounted for. In 2002, Davis et al. (DKS) [5] model TEI in thin disks and more specifically in mechanical clutches. The DKS model does not consider lubrication or the dampening effects of wear, although it does model a geometry that is very similar to thrust washer bearings. DKS deduce that the region of the TEI is coupled between a critical bulk temperature (average bearing temperature) and operating speed (see Fig. 2 ). As the operating speed increases, the critical temperature required to cause the system to become unstable decreases. DKS also perform a parametric investigation into the effect of elastic modulus, thermal conductivity, and disk thickness, on the location of the thermoelastic stability threshold. Summarizing their results: Increases in elastic modulus, thermal conductivity, and disk thickness pushes the stability threshold to higher temperatures and speeds. In modeling the deformation of the disk, DKS make an analogy between thermal loading and mechanical loading. Axisymmetric temperature distributions are analogous to an axisymmetric axial load, while asymmetric temperatures are analogous to an applied moment. The investigation considers these different loading conditions and thus different modes of thermal deflection. The important mode though is the mode which causes TEI at the lowest speed and temperature. Although created to model TEI in clutches, the results can also be used to simulate the similar geometry of thrust washer bearings. There are some differences between the DKS model and the current thrust washer bearing case: 1) DKS do not consider the effect of hydrodynamic lubrication, and 2) the effect of wear.
TEI threshold values for temperature and rotational speed were extracted from the numerical model for the current thrust washer bearing case. The critical bulk temperature at zero rotational speed, T c , is approximated to be 360° C. The critical average bearing temperature is T c plus the ambient temperature. The ambient temperature is taken to be 24° C. The critical operational speed at T c =0 is approximated to be 149 rad/s. Using a straight line to connect these two boundary points results in the TEI threshold shown in Fig. 2 . Also plotted in Fig. 2 are sample data points for the average bearing temperature of a single round steel washer tested at loads ranging from 261N to 1239N and the speeds shown in the plot. These are the same test conditions considered in this and previous experimental works [1] [2] [3] . From this plot the conditions that the bearing was tested at seems very likely to be in the range of thermoelastic instability. In reality, the thrust washer bearings probably have a higher stability threshold since wear and the various effects of lubrication are not accounted for in this analysis. 
CONCLUSIONS
Based on experimental and numerical results, TEI appears to occur during the operation of thrust washer bearings at high loads and speeds. Once a critical load is reached the thrust washer bearing may lose sufficient hydrodynamics lift and increase susceptibility to TEI. Using the results of the TEI model provided for a similar geometry of mechanical clutches [5] , the thrust washer bearing appears to operate well in the range of TEI. Once the film collapses due to TEI, significant wear will occur due to scuffing between the surfaces. At this point of distress severe wear, temperatures high enough to cause welding, and high friction usually occurs. Experimental results show that by decreasing friction between the components, TEI and scuffing are less likely to occur. This can be accomplished by using a low friction coating on the bearing surfaces. Recently it has also been shown that using grooved thrust washers can also decrease TEI [3] .
